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Abstract 
The temporary anion states of trimethyl phosphate and several com-
pounds bearing the P==O group were explored using electron transmis-
sion spectroscopy and ab initio calculations to determine if these states 
have the characteristics of the π* resonances usually associated with mul-
tiple bonds. No evidence was found for this in (CH3O)3PO and, by exten-
sion, we do not expect them to appear in the phosphate group of DNA. 
Cl3PO, however, does display such characteristics to some extent, and we 
show that they arise from the spatial properties of the π* (P-Cl) orbitals 
rather than from multiple PO bonding. A novel computational means to 
explore effects due to the relative size of a molecular orbital and that of 
the angular momentum barrier responsible for confining the additional 
electron is presented. 
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I. Introduction 
To aid our understanding of bond-breaking in DNA induced by the for-
mation of temporary negative ion states,1,2 it is useful to study these 
processes in smaller subunits of DNA or in close surrogates for these 
moieties. In contrast to the DNA bases, in which resonances in the to-
tal scattering cross section associated with temporary occupation of 
the low-lying π* orbitals have been observed3 using electron trans-
mission spectroscopy (ETS),4 the empty orbitals of the phosphate and 
sugar groups are more problematic, and the role they play in bond-
breaking, either by direct electron attachment or by transfer of an 
electron from elsewhere, is still the subject of active research. In the 
present work we focus on the phosphate group, see Scheme 1, as mod-
eled by trimethyl phosphate (II), and other compounds bearing the 
PO bond usually drawn as P==O. In particular, we discuss the charac-
teristics of temporary negative ion states that may be localized on the 
P==O portion of the molecule. 
Scheme 1  Structural Formulas of Trimethyl Phosphite (I), Trimethyl Phosphate 
(II), Dimethyl Methylphosphonate (III), Dimethyl Acetylmethylphosphonate (IV), 
and Phosphoryl Chloride (V)  
The properties of temporary negative ion states created by occupa-
tion of the normally empty π* orbitals associated with C==C and C==O 
double bonds in compounds such as ethylene or formaldehyde, for ex-
ample, or in more complex molecules made up of such groups, have 
been well documented. Conventionally, such states are described as 
“shape” resonances, reflecting the fact that the impinging electron is 
temporarily bound by the shape of the potential it encounters. They 
appear prominently as resonances in the total scattering cross sec-
tions5 as observed by ETS, as well as in cross sections for excitation 
of vibrational modes.6 An expansion in spherical harmonics of the π* 
virtual orbital wave function of ethylene, for example, reveals angu-
lar momentum components l ≥ 2 denoting a high angular momentum 
barrier and thus a relatively long resonance lifetime. Furthermore, 
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because such a double bond will not be broken by addition of a single 
antibonding π* electron, the anionic potential energy surface along 
the C==C stretch will have a minimum. Even in molecules with lower 
symmetry, such as H2C==O, the anion lifetime is sufficient to display 
pronounced structure in the total scattering cross section arising from 
nuclear motion of the temporary anion along the double-bond stretch-
ing coordinate.7   
Because the phosphate group in DNA is normally pictured with a 
P==O bond, it is attractive to assume that a corresponding, normally 
empty, π* orbital exists locally on this group. A number of authors 
have referred to such a π* resonance, including a theoretical study 
of bond-breaking in sugar-phosphates at electron energies below 3 
eV by Berdys et al.,8 experimental studies of oligonucleotide tetra-
mers on surfaces by Zheng et al.,9 anion desorption studies from thin 
films of sodium dihydrogen phosphate by Pan and Sanche,10 and gas-
phase dissociative electron attachment (DEA) measurements of dibu-
tylphosphate by Koenig et al.11 The focus of the present work is to de-
termine whether the properties of the temporary anion states of the 
phosphate group are similar in any way to those of the “traditional” 
π* resonances mentioned earlier. Indeed, if such a long-lived reso-
nance existed in the phosphate group, its properties should greatly 
influence direct electron attachment to the phosphate group, as well 
as acting as an efficient intermediary in transferring electrons from 
one portion of the molecule to another. 
The representation of the PO bond in tertiary phosphine oxides, 
R3PO, has been the subject of a great deal of discussion  and con-
troversy. As described in a 1994 review by Gilheany,12 a variety of 
structures have been invoked including R3P==O, R3P+–O—, “partial” 
triple bonds, formal triple bonds, and various resonance mixtures of 
these structures. In the intervening years, more sophisticated calcu-
lations have been possible, and in a recent atoms-in-molecules (AIM) 
study by Chesnut,13 he concludes that the structure is best pictured 
as R3P+–O—, comprised of one highly polarized σ bond and strong 
back-bonding of the oxygen π orbitals. If the normally accepted P==O 
double bond in HPO is taken as a reference bond order of 2.0, then 
the phosphoryl bond order in R3PO is reported to be about 1.3. Fi-
nally, Chesnut concludes that the high degree of back-bonding pro-
vides for the stronger-than-single-bond character and short bond 
distance in R3PO. 
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In the present work we report ETS studies of (CH3O)3PO and re-
lated compounds (I, III-V) together with molecular orbital calculations 
to shed some light on the nature of the low-lying anion states of these 
compounds. Rather than deal with complex issues of classifying the 
PO bond, we take a more pragmatic view and search for the proper-
ties of the orbitals and the temporary anion structure in the electron 
scattering cross sections that might be characteristic of the presence 
of multiple bonds, regardless of their labeling. 
II. Experimental Results 
The ET spectra of five phosphorus compounds are presented in Figure 1, 
in which is plotted the derivative with respect to the energy of the 
electron current transmitted through a gas cell as a function of energy. 
Figure 1. Derivative with respect to energy of transmitted electron current as a func-
tion of electron energy in compounds I-V. Long vertical lines indicate the energies 
of the experimental VAEs. The short vertical lines show the locations of predicted 
VAEs (scaled VOEs) determined from calculations discussed in the text.   
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The ET apparatus is in the format devised by Sanche and Schulz4 and 
has been described elsewhere.14 The long vertical lines, and their as-
sociated energies, indicate the midpoints of the minima and maxima 
in the derivative signals that we associate with the vertical attachment 
energies (VAEs) of the temporary anion states and the peaks in the 
total electron scattering cross section. The electron beam resolution 
was about 50 meV (fwhm). The energy scales were calibrated with 
reference to the (1s12s2)2S anion state of He. The estimated accuracy 
of the measured VAEs is ±0.05 or ±0.1 eV, depending on the number 
of decimal digits reported. All samples were commercially available 
and sufficiently volatile to give the required vapor pressure without 
heating the inlet system and collision chamber (T ~ 40 °C). 
For purposes of comparison, of the five compounds shown in 
Scheme 1, one, trimethyl phosphite (I), does not contain the PO bond 
that is the focus of our study. Another compound, dimethyl acetyl-
methylphosphonate CH3COCH2P(O)(OCH3)2 (IV), contains an unsat-
urated C==O bond, giving rise to the expected π* resonance lying at 
0.98 eV,15 where we use the π* symmetry designation in a local sense. 
This π*CO resonance is the lowest-lying feature observed in the spectra 
of the compounds considered (we recall here that formation of stable 
anion states cannot be detected with the ETS technique). 
Although the experimental conditions under which the ETS data are 
taken are approximately the same for all of the compounds, we note 
that the structure appearing in the data for (CH3O)3PO is consider-
ably weaker than that in all the other compounds, including (CH3O)3P, 
which does not contain the PO bond. Alternatively, the two low-lying 
structures in Cl3PO are strong and relatively narrow in width. At this 
point, we would conclude that there is little experimental evidence in 
trimethyl phosphate for a long-lived resonance associated with the 
PO bond, whereas in Cl3PO the possibility for such anion states can-
not be rejected.   
 
III. Properties of Unfilled Molecular Orbitals 
(a) Energy Considerations. 
To bolster our discussion, we have carried out calculations of the 
virtual orbitals of several of the compounds shown in Figure 1 and 
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others that might illuminate our understanding. These were carried 
out using both HF ab initio methods as well as DFT with the B3LYP 
functional. Both approaches used geometry optimization and elec-
tronic structure computed at the 6-31G(d) basis set level.16,17 Only the 
most stable conformer of each compound is considered further. As is 
well understood, the virtual orbital energies (VOEs) from Koopmans’ 
Theorem18 do not give the correct absolute energies of the resonances 
associated with electron occupation of the given virtual orbitals; how-
ever, their relative ordering and separations are meaningful. Conse-
quently, it is useful to empirically scale the VOEs to measured VAEs 
in related molecules and use this correlation to predict the locations 
of temporary anion states more accurately. Such scalings using HF 
VOEs have been carried out for π* resonances in numerous unsatu-
rated compounds.19-21 More recently, a π* scaling for unsaturated com-
pounds using B3LYP/6-31G(d) calculations has also been reported.22 
Scalings for resonances associated with saturated bonds are gener-
ally not available because of the difficulty of observing σ* resonances 
in molecules with light elements.23 However, in a study of permethyl-
ated group 14 dimers,24 good linear correlations have been found be-
tween σ* VEAs and the corresponding VOEs obtained with different 
methods. Nevertheless, it has been pointed out that caution is needed 
in the application of these scalings to systems where the molecular 
structures or the nature of the σ* MOs are different. A scaling for the 
σ* (C–Cl) resonances in mono- and polychloroalkanes has been pre-
sented using HF calculations.25 In this work we also present in Ap-
pendix A the scaling for these same σ* (C–Cl) resonances based on 
DFT calculations. 
Unfortunately, none of these scalings have been made using ETS 
results in phosphorus-bearing molecules similar to the compounds in 
Figure 1, so their application to the present data is less reliable. Table 
1 lists the VOEs and π*-scaled VOEs for (CH3O)3P, (CH3O)3PO, CH3P(O)
(OCH3)2, and (OCH3)2P(O)(CH2-COCH3). The HF21 and DFT22 scaled 
VOEs are in close agreement for the predicted anion state energies, 
with an average difference in energy (magnitude) of 0.12 eV for the 
empty orbitals listed. Although this agreement stems in part from the 
limited range of orbital energies involved, there is nothing to suggest 
one approach over the other and we have chosen to use the DFT π*-
scaled VO energies shown as short vertical lines in Figure 1 to com-
pare with experiment for compounds I-IV. 
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Table 1  Virtual Orbital Energies and Scaled Orbital Energies Computed with DFT 
(B3LYP/6-31G(d)) and HF (6-31G(d)) Methods (All Energies in eV)
orbital  VOE(DFT)  scaled VOEa  VOE(HF)  scaled VOEb
(CH3O)3P
LUMO 0.945 1.97 5.149 1.91
LUMO+1 1.220 2.19 5.409 2.11
LUMO+2 2.705 3.39 6.937 3.26
LUMO+3 3.243 3.82 7.453 3.64
LUMO+4 3.434 3.98 7.573 3.73
LUMO+5 3.987 4.42 8.434 4.38
(CH3O)3PO
LUMO (a) 1.571 2.48 6.129 2.65
LUMO+1,2 (e) 2.707 3.39 6.902 3.23
LUMO+3 (a) 2.735 3.41 7.249 3.49
LUMO+4,5 (e) 3.617 4.12 8.183 4.19
LUMO+6 (a) 3.825 4.29 8.299 4.28
CH3P(O)(CH3O)2
LUMO 1.891 2.73 5.911 2.48
LUMO+1 2.384 3.13 6.805 3.16
LUMO+2 2.600 3.31 7.009 3.31
LUMO+3 2.874 3.53 7.123 3.40












a. π* DFT scaling from ref 22. VAE = 0.80543VOE + 1.21099.
b. π* HF scaling from ref 21. VAE = 0.753VOE – 1.968.
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The HF and DFT π* scalings fare less well in Cl3PO as shown in 
Table 2. It seems reasonable to select a scaling more directed to the 
presence of Cl atoms for this compound. Thus, we have included the 
HF scaling of ref 25 and the DFT scaling presented in Appendix A for 
σ* (C–Cl) resonances in chloroalkanes. Both produce excellent agree-
ment with experiment for the lowest lying resonances, keeping in 
mind that the feature at 2.38 eV is overlapped by the lowest resonance 
and is thus an upper bound. In the geometry of the neutral molecule, 
the anionic ground state of Cl3PO is predicted to be stable by 0.7–0.8 
eV, consistent with an adiabatic electron affinity of 1.4 eV as found 
experimentally.26 The short lines for this compound in Figure 1 cor-
respond to the DFT values. 
The scaled VOEs provide a very good match for the sharpest struc-
tures seen in Figure 1. For example, in Cl3PO (V) the scaled VOEs of 
the first e and second a orbitals give excellent agreement with the 
ETS results. The relatively narrow width of the resonance displayed 
at 5.9 eV indicates a sizable core-excited character, obviously not ac-
counted for by KT calculations. The cross section peaks associated 
with σ* MOs are usually small and broad, and the substantial overlap-
ping makes a unique attribution problematic. The two lowest tempo-
rary anion states of (CH3O)3P (I) are each in good agreement with the 
structure at 2.38 eV. The VOEs were determined from the lowest con-
former, which does not have C3 symmetry. (In the C3 conformer, the 
Table 2  Virtual Orbital Energies and π* and π* Scaled Orbital Energies Computed 
with DFT (B3LYP/6-31G(d)) and HF (6-31G(d)) Methods in Cl3PO (All Energies in 
eV) 
Cl3PO
orbital  VOE  π* scaled   σ* scaled   VOE  π* scaled   σ* scaled 
 (DFT) VOEa VOEc (HF) VOEb VOEd 
LUMO (a) -2.854 -1.09 -0.71 1.911 -0.53 -0.83
LUMO+1,2 (e) -0.145 1.09 1.49 4.617 1.51 1.61
LUMO+3 (a) 0.761 1.82 2.23 5.068 1.85 2.01
LUMO+4 (a) 6.109 6.13 6.57 10.072 5.62 6.52
LUMO+5,6 (e) 6.280 6.27 6.70 10.504 5.94 6.90
a. π* DFT scaling from ref 22. VAE ) 0.80543VOE + 1.21099. 
b. π* HF scaling from ref 21. VAE ) 0.753VOE - 1.968.
c. σ* DFT scaling, present work. VAE ) 0.8111VOE + 1.6097. 
d. σ* HF scaling from ref 25. VAE ) 0.90VOE - 2.55.   
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lowest empty orbital is the doubly degenerate e pair and their scaled 
VOE lies at 2.05 eV.) 
In CH3P(O)(CH3O)2 (III) the predicted anion states range from 2.73 
to 3.91 eV, in general agreement with the broad ETS feature at 3.7 eV. 
These states, as well as those in the C==O bearing compound, are de-
stabilized relative to those of (CH3O)3P because of the absence of the 
third CH3O group and its inductive effect, as well as the replacement 
of a σ* (P–O) orbital with a higher-lying σ* (P–C) orbital. 
In (CH3O)3PO (II), only the anion state associated with the lowest 
a orbital is in approximate agreement with experiment for the fea-
ture at 2.11 eV. The second e orbital pair could account for the weak 
broad resonance at 4.6 eV. 
(b) Spatial Characteristics. 
We next examine the spatial characteristics of the lower empty or-
bitals of several of the P==O bearing compounds, namely, (CH3O)3PO, 
Cl3PO and a compound for which we do not have ETS data, HOP(O)
(CH3O)2. The latter is closer to the form of the phosphate group in 
DNA but with the O— protonated, as assumed in some theoretical treat-
ments.27 We begin with the lowest unoccupied molecular orbitals (LU-
MOs) shown in Figure 2, including also LUMO+1 of HOP(O)(CH3O)2. 
In each case the orbital is drawn with the P==O group pointed down-
ward. All of these orbitals are of the most symmetric type allowed, 
Figure 2. Virtual molecular orbitals plotted with the P==O bond pointed downward. 
Top, (CH3O)3PO LUMO (a); middle left, HOP(O)(CH3O)2 LUMO (a’); middle right, 
HOP(O)(CH3O)2 LUMO+1 (a’); bottom, Cl3PO LUMO (a1).   
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and none produce anions with π* character. Nevertheless, we include 
them for completeness.   
The LUMO of (CH3O)3PO shows considerable delocalization over 
the entire molecule. In contrast, the LUMO of the more compact Cl3PO 
molecule is clearly comprised of the σ* (P–Cl) orbitals. As noted ear-
lier, occupation of this orbital in Cl3PO leads to a stable anion state. 
The middle row of Figure 2 shows the effect of replacing a methyl 
group on (CH3O)3PO with a hydrogen atom. The LUMO, and LUMO+1 
to a lesser extent, are now dominated by the σ* (OH) orbital. Hydroxy 
groups are often present in experimental studies of surrogates of the 
deoxyribose and phosphate groups of DNA. In theoretical treatments 
they may appear from termination of broken C–O bonds and from pro-
tonation of P–O— of the DNA phosphate group.27 Figure 2 illustrates 
the substantial changes in the lower orbitals that are a consequence 
of the low energy of the σ* (OH) group compared with σ* orbitals of 
other bonds. As discussed elsewhere,28 their presence leads to an en-
hancement of the DEA cross section. 
In the theoretical treatment of a sugar-phosphate-sugar complex 
by Berdys et al.,8 the lowest lying anion state is labeled π* and is 
largely confined to the phosphate group and the neighboring carbon 
atoms (shown in their Figure 8). A substantial portion of the wave 
function lies on the OH group attached to the phosphorus atom. The 
present work suggests that this orbital is the analog of the LUMO 
(a’) of HOP(O)(CH3O)2 shown in the middle of Figure 2. As we ar-
gue in this work, this orbital has none of the characteristics of a ca-
nonical π* resonance. 
In Figure 3 we plot the e (LUMO+1,2) pairs of (CH3O)3PO and Cl3PO 
and the corresponding a’’ (LUMO+2) of HOP(O)(CH3O)2. Our objec-
tive here is to search for “π*-like” lobes in these orbitals. To assist in 
this, we show for comparison in Figure 4 the LUMO of CH3OPO, a 
compound in which it is generally agreed that a double bond and its 
corresponding antibonding orbital exist. In this compound the π* or-
bital is delocalized also on the neighboring O atom, resembling an al-
lylic LUMO. In our opinion, the orbitals of the upper two compounds 
of Figure 3 do not exhibit such an orbital characteristic to any rea-
sonable extent. Because of its symmetry, the clearest view is per-
haps that of the a’’ orbital in HOP(O)(CH3O)2. In contrast, a volume 
of space around PO in the e orbitals of Cl3PO does have this property. 
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It appears that the smaller size of Cl3PO and the lower-lying e orbit-
als give rise to resonances that have more similarity to π* orbitals, 
whereas in (CH3O)3PO the orbitals are much more extended and re-
moved from the P==O portion of the molecule.  
(c) Expansions in Spherical Harmonics.
In simple spherical systems the widths, proportional to the inverse 
of the lifetimes, of shape resonances are well known to be associated 
with electron tunneling through an angular momentum barrier. Thus, 
Figure 3. As in Figure 2: top left, (CH3O)3PO LUMO+1 (ex); top right, (CH3O)3PO 
LUMO+2 (ey); middle, HOP(O)(CH3O)2 LUMO+2 (a’’); bottom left, Cl3PO LUMO+1 
(ex); bottom right, Cl3PO LUMO+2 (ey).   
Figure 4. LUMO of CH3OPO.   
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in these systems, resonances with s symmetry do not occur. In mole-
cules, however, the barrier can be considered a mixture of terms with 
different l values, and the total lifetime depends upon an average that 
reflects how these various terms allow the electron wave function to 
“leak out” into the continuum. Unlike the case with atoms, molecules 
may show resonant behavior with states of symmetry types where 
the leading l value is 0.   
To make our earlier discussion more quantitative, we have calcu-
lated the spherical harmonic expansions of several of the Koopmans’ 
Theorem (KT) quasi-bound state functions that occur in the mole-
cules discussed here. Thus, if we represent a resonant wave function 
as φ(r), then we may write 
φ(r→) = ∑ flm(r) Ylm(θ,φ)                                    (1) 
                                                     
 lm
For our purposes, we approximate φ(r→)  in the region of the mole-
cule with the quasi-bound state of the resonance, which is a normal-
izable function and can be used to produce population numbers. Thus, 
if an expansion like that of Eq. 1 is applied to these, then we define 
the population associated with l to be 
Pl =∑ ∫0∞|flm|2r2 dr                                   (2)
                                          m
and 
∑ Pl = 1                                            (3) 
                                                                l
For use later, we also define the lth radial distribution function as 
pl(r) = ∑ |r flm(r)|2                                                 (4) 
                                                              m
We point out that these functions depend upon the point in the mol-
ecule about which the expansion is determined. A quantum mechan-
ically correct treatment of electron scattering from freely rotating 
molecules suggests that the center of mass is the appropriate point to 
use for such a spherical harmonic expansion because the separation 
of translation and rotation requires it. However, our objective here is 
to probe the spatial characteristics of the wave function in the neigh-
borhood of the PO bond, and we choose to do the expansion around 
the midpoint of this bond. The dominant population numbers in such 
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expansions give an indication of the relative contributions of the var-
ious angular momentum quantum numbers making up the orbital 
wave functions in the locality of the expansion point. In the π* orbital 
of ethylene, for example, l = 2 is the leading and dominant term in 
such an expansion. In H2CO, however, both l = 1 and 2 will be present 
because of the difference in charge on the atoms of the double bond. 
Table 3 lists the calculated populations for l = 0–5 in the orbitals 
shown in Figure 3. Consistent with our inferences from the orbital 
plots, the LUMO+1 (ex) orbital of Cl3PO displays the largest l = 2 pop-
ulation of the three compounds. A substantial amount of l = 1 is pres-
ent in all three cases. 
The populations computed above have been integrated over the en-
tire radial extent of the orbitals. In an atomic temporary anion state, 
the barrier produced by the angular momentum and the attractive 
screened-coulomb and polarization potentials are responsible for trap-
ping the electron, and one expects the electron wave function to lie 
primarily inside the barrier. Because of the spatial extent of a mole-
cule, the question arises whether the orbital wave function actually 
lies within the barrier or not. In other words, a delocalized orbital as 
in (CH3O)3PO could have a substantial fraction of its orbital lying out-
side the barrier where it cannot contribute to the formation of a res-
onance, whereas in a smaller compound like Cl3PO the orbital could 
be mostly contained within the barrier. 
To explore this possibility, we plot in Figure 5a the effective poten-
tial energy (PE) associated with the angular momentum barriers for 
l = 1–3 as a function of the radial distance r from the center of mass 
Table 3  Relative Fraction of Each Indicated Virtual Orbital in Components of the 
Angular Momentum
 (CH3O)3PO  (CH3O)2OHPO  Cl3PO
l  LUMO+1(ex)  LUMO+2(a’’)   LUMO+1(ex)
0  0.000  0.000  0.000
1  0.281  0.318  0.259
2  0.118  0.054  0.243
3  0.066  0.048  0.164
4  0.161  0.196  0.109
5  0.168  0.070  0.041
Burrow,  Gallup,  &  Modell i   in  J.  Phys .  Chem.  A  112  (2008)       14
Figure 5. (a) Effective potential energy arising from the angular momentum of the 
impinging electron for l = 1, 2, and 3 as a function of the radial distance from the 
center of mass of a molecule. The horizontal line and dots indicate the radial dis-
tances where a resonance energy of 1.12 eV equals the potential energy from the 
angular momentum. (b) The radial distribution function of the LUMO of benzene 
plotted as a function of the radial distance from the center of mass.    
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of a test molecule, in this case, benzene. The horizontal line at ER = 
1.12 eV defines the experimental energy of the well-known 2E2u res-
onance.29 The intersection of this line defines for each l a radial dis-
tance at which ER is equal to the height of the angular momentum PE. 
For a resonance at ER, the position of the barrier maximum should lie 
within this distance, and roughly speaking, we expect that the elec-
tron wave function will as well. An expansion in spherical harmon-
ics of the e2u orbital of benzene shows that the leading and dominant 
component is l = 3. In Figure 5b we plot the corresponding radial dis-
tribution function defined in Eq. 4 as a function of the distance from 
the center of mass. The three vertical lines marked 1, 2, and 3 indicate 
the radial distances at which the resonance energy equals the PE of 
the associated angular momentum barriers. The figure indicates that 
the radial distribution function indeed lies well within the barrier for 
l = 3 and, for the most part, even within that for l = 1. These proper-
ties likely account for the narrow width of this resonance. 
In Figure 6a and 6b we plot radial distribution functions for l = 1–5 
as a function of the distance r from the center of the PO bond for the 
e orbitals in Cl3PO and (CH3O)3PO, respectively. (Participation of l = 0 
is forbidden by symmetry to contribute to these orbitals.) For the indi-
cated experimental resonance energies, ER, the vertical lines indicate 
for each l value the radial distance at which ER equals the angular mo-
mentum PE as in Figure 5. For (CH3O)3PO we assume that the e reso-
nance energy lies at the experimental value (2.11 eV) given in Figure 1. 
In Cl3PO, the dominant components are for the key values l = 1 and 
2 that should characterize a π* orbital, and both lie inside the l = 1 
distance and well within that for l = 2. In (CH3O)3PO, in contrast to 
Cl3PO, one expects contributions to lie at much greater radial distances 
because of the larger size of this molecule. The maxima in both the 
l = 1 and l = 2 components are calculated to lie outside their respec-
tive barrier distances. The electron trapping that does occur may be a 
consequence of the l = 3 component, the second largest in (CH3O)3PO, 
which does lie within its barrier. 
The results of these calculations again support the contention that 
the e orbital of (CH3O)3PO does not possess π* characteristics whereas 
that in Cl3PO does. It should be noted that in the latter case these char-
acteristics do not arise as a consequence of multiple bonding as in, 
say, ethylene, but rather from the positions of the P–Cl σ* orbitals.   
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Figure 6. (a) Radial distribution function of the LUMO+1 (ex) of Cl3PO as a func-
tion of the radial distance from the center of the P==O bond. The resonance energy 
is taken to be 1.53 eV, and the vertical lines indicate the distances at which this en-
ergy equals the potential energy associated with the angular momentum for l = 1, 
2, and 3. (b) As in panel a for the LUMO+1 (ex) of (CH3O)3PO and a resonance en-
ergy of 2.11 eV.   
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(d) Characteristics of Totally Symmetric Empty Orbitals. 
In Cl3PO, occupation of the second empty orbital of a1 symmetry 
(LUMO+3) also gives rise to a pronounced resonance, seen in Figure 
1 near 2.38 eV. In this section we compare the properties of this to-
tally symmetric orbital, in which l = 0 is permitted, with those of the 
LUMO of (CH3O)3PO, also totally symmetric. Table 4 shows the angu-
lar momentum components of these orbitals integrated over all radial 
distances (from the center of the P==O bond) as done in Table 3 for 
the resonances of e symmetry. There are two striking differences be-
tween the two compounds. In Cl3PO, the a1 orbital (LUMO+3) has its 
largest contribution in l = 2 and second largest in l = 1. In (CH3O)3PO 
these contributions are almost negligible. Furthermore, the l = 0 con-
tribution, which does not generate a barrier, is the largest observed 
in any of the present calculations. 
We examine the radial distributions as a function of distance in 
Figure 7a (Cl3PO) and 7b ((CH3O)3PO). Consistent with the data in 
Table 4, the l = 2 and l = 1 components of Cl3PO are largest by a big 
margin and the maxima fall within the respective rough barrier dis-
tances. These properties appear sufficient to give rise to a pronounced 
resonance. 
In Figure 7b we assume for our calculation that the LUMO of 
(CH3O)3PO gives rise to the weak resonance at 2.11 eV. As in Table 
4, the l = 0 component is quite large compared to the small contri-
bution observed in Cl3PO. This indicates that a substantial fraction 
of the wave function cannot be trapped and that the resonance must 
Table 4  Relative Fraction of Each Indicated Virtual Orbital in Components of the 
Angular Momentum
 (CH3O)3PO  Cl3PO
l  LUMO (a)  LUMO+3(a1)
0  0.304  0.093
1  0.036  0.163
2  0.048  0.270
3  0.186  0.040
4  0.101  0.057
5  0.065  0.079
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Figure 7. (a) As in Figure 6 for the LUMO+3 (a1) of Cl3 PO at a resonance energy 
of 2.38 eV. (b) As in Figure 6 for the LUMO (a1) of (CH3O)3PO at a resonance en-
ergy of 2.11 eV.   
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arise from the remaining l = 3 component that is well within its bar-
rier. We suggest that the large component of l = 0 is responsible for 
the reduced resonance visibility, but this conclusion needs to be stud-
ied further with similar calculations in other molecular systems and 
comparison with experiment. 
IV. C-O Antibonding Character in (CH3O)3PO 
Finally, we consider briefly the lowest empty orbitals of (CH3O)3PO 
and their properties with regard to antibonding character at the C-O 
bonds. Theoretical treatments of DNA strand-breaking by Simons and 
collaborators27 indicate that the C-O bond of the phosphate-sugar link 
is the most likely to be broken by the presence of an electron, owing 
to the large electron affinity of the phosphate fragment. For compu-
tational simplicity, they modeled only a section of a DNA single strand 
containing a base, a sugar, and a phosphate group. Furthermore, the 
phosphate group was protonated and H atoms were added at the dan-
gling bonds. As noted earlier, these low-lying σ* (OH) orbitals tend to 
dominate the empty orbital spectrum. 
Examination of the empty orbitals of (CH3O)3PO shows that neither 
the LUMO (a) nor LUMO+1,2 (e) possesses C–O antibonding charac-
ter. LUMO+3, the second empty orbital of a symmetry, appears to be 
the lowest lying orbital with this property, and this is illustrated in 
Figure 8 with the P==O bond perpendicular to the paper. Direct elec-
tron attachment into this orbital, or more properly, the orbital most 
Figure 8. LUMO + 3 (a) of 
(CH3O)3PO, the lowest normally 
empty orbital showing strongly 
antibonding character at the C–O 
bonds. The P==O bond is oriented 
into the paper.  
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closely related to it in the actual DNA phosphate group, should be con-
sidered as a possible shape resonance mechanism for breaking the C–O 
bond. From the point of view of the treatment of the Simons’ group, 
the coupling of this orbital to the π* resonances of the base would be 
the most relevant to describe bond breaking by transfer of an electron 
initially attached to the base. 
V. Conclusions 
The properties of the temporary anion states of various P==O bearing 
compounds have been examined from several approaches including 
ETS measurements, molecular orbital plots, and an analysis of the 
empty orbitals in terms of spherical harmonic decompositions and 
their radial dependence. Excepting Cl3PO, none of the compounds 
exhibit properties that suggest a local π* orbital associated with 
the “nominal” PO double bond. In the case of Cl3PO, these proper-
ties are present but arise from the wave function lobes associated 
with the σ* (P–Cl) orbitals rather than from a multiple bond. Our 
results, therefore, are consistent with and augment past theoretical 
studies13 of the filled orbitals of this group of compounds that sug-
gest the “P==O” bond in these compounds is an abnormally short and 
strong single bond. 
In terms of electron scattering from DNA, there is little reason 
therefore to expect or invoke a π* resonance, as traditionally under-
stood, that is resident on the phosphate group. This is also consistent 
with calculations by Winstead and McKoy30 on the nucleotide deoxy-
adenosine monophosphate, and Tonzani and Greene31 on H3PO4. Al-
though the issue of a PO-based π* orbital was not addressed specifi-
cally, the calculated integral elastic scattering cross sections showed 
no low-lying features that could be attributed to such a resonance. Re-
gardless of its label, this resonance is not involved in the theoretical 
treatment of bond-breaking in DNA by Simons’ group.27 
In summary, it appears that the resonances attributed to the “π*” 
orbital of the phosphates are short-lived and comprised of delocal-
ized combinations of σ* orbitals. Their role in DNA bond-breaking re-
mains to be determined. 
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Appendix A 
The measured VAEs of a series of mono- and polychloroalkanes are 
given in Table 5 together with the VOEs computed by DFT at the 
B3LYP/6-31G(d) level. The temporary anion states are those associ-
ated with electron occupation of σ*(C–Cl) orbitals. The VAEs are com-
piled in ref 25. A plot of VAE versus VOE is shown in Figure 9, and a 
linear regression through the data yields VAE = 0.8111 VOE + 1.6097 
in eV, and r sq. = 0.946.   
Figure 9. Measured VAEs 
as a function of calculated 
VOEs in a series of mono- and 
polychloroalkanes.   
Table 5  Vertical Attachment Energies and Virtual Orbital Energies Computed by 
DFT (Energies in eV)
compound  VAE  VOE
chloroethane  2.41  0.752
1-chloropropane  2.4  0.718
1-chlorobutane  2.43  0.76
2-chloropropane  1.97  0.691
2-chlorobutane  2.05  0.725
tert-butychloride  1.86  0.546
2,2-dichloropropane  1.41  –0.294
1,1-dichloropropane  1.39  –0.272
1,1-dichloroethane  1.36  –0.331
dichloromethane  1.01  –0.434
1,1,1-trichloroethane  0.64  –1.228
trichloromethane  0.42  –1.353
1,1,1,2-tetrachloroethane  0.63  –1.446
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